Organic semiconductors (OSC) are attracting much interest for (opto)electronic applications, such as photovoltaics, LEDs, sensors or solid state lasers. In particular, crystals formed by small π-conjugated molecules have shown to be suitable for constructing OSC devices.
Introduction
With the rise of nanostructured solids, nanoscale imaging has become fundamental for material characterization. Despite the recent advances in scanning tunneling, atomic force and transmission electron microscopies (STM, AFM, TEM), there are a number of materials for which sub-nanometer resolution images are still difficult to obtain. This concerns especially soft semiconducting (or insulating) materials, such as organic bulk crystals. Organic semiconductors have found broad interest for optoelectronic applications where detailed structural characterization is required to understand the complex interplay between structural factors and the (opto) electronic functionality [1] [2] [3] [4] [5] [6] [7] [8] . This is especially evident for charge transport, where the conductivity of single-versus poly-crystalline materials can vary by orders of magnitude, since the grain boundaries in the polycrystalline samples can effectively diminish charge percolation [7, 8] . Moreover, the photophysics are strongly influenced by morphological inhomogeneities, eventually leading to a breakdown of luminescence efficiency in polycrystalline thin film samples due to exciton quenching at the interfaces [5, 6] . Therefore, the detailed understanding of molecular orientations in thin films and crystals, particularly at interfaces (e.g. single crystal surfaces, grain boundaries) is essential.
Structural imaging is commonly done by combining standard AFM with (polarized) absorption and/or emission spectroscopic techniques in the ultraviolet to infrared region [9] . Although the resolution of the latter techniques can be effectively brought below the optical diffraction limit, this is still a rather imprecise and indirect method to determine molecular orientations [10, 11] . Furthermore, the application of direct structural investigation of e.g. local grazing incidence x-ray diffraction (GI-XRD) is limited to rather large domain sizes [12] . For a comprehensive, although slightly dated, review on AFM combined to XRD the reader is referred to the work by Ward [14] . On the other hand, high-resolution structural investigations with STM can only be done on very thin films of flat-lying organic conjugated molecules on conductive substrates [13] . Subnanometer resolution images of thin self-assembled organic films deposited on hard sur-faces have been reported using non-contact AFM in ultra-high vacuum (UHV) [15] and, more recently, using friction force microscopy (FFM) in water [16] .
In this natural environment, capillary condensation between probing tip and surface is prevented. In this way single large molecules can be readily identified on complex systems such as membrane proteins [17] and, as first shown by Ohnesorge and Binnig [18] , even atomic resolution is possible on bulk solid surfaces.
In the present work, we show that FFM in water is a non-invasive fast and cheap ex situ technique to resolve submolecular features of a soft semiconducting single crystal of a highly luminescent conjugated organic compound. In such materials, homogeneity of the crystal surface is of high importance, e.g. for single cavity lasing [16] . Although single molecules of organic crystals can be distinguished with FFM in ambient conditions [19] , no sub-lattice resolution of bulk organic materials has been reported so far using this technique. We will demonstrate the power of the method by direct correlation to the structural information extracted from combined single crystal (SC-) and specular (s-) XRD studies.
Experimental
The sample under investigation is 4,4′-dibutoxy-distyrylthio-phene-based crystal carrying cyano-groups in the vinylene units (TDDCS, see figures 1(A) and 1(B)), which was synthesized as described in the supporting information (stacks.iop.org/JPhysCM/28/134002/mmedia). The cyano-vinylene moieties have demonstrated to be suitable for targeted crystal design through secondary bonding interactions, with applications in lasing, OLEDs and OFETs [4] . Single TDDCS crystals of some mm size and with a tabular habit (figure 1(C)) were grown from solvent mixtures. XRD was measured using a Philips Xpert x-ray diffractometer in Bragg-Brentano geometry using CrKα radiation (2.291 Å) and a graphite monochromator on the secondary side.
The (1 0 0) face of the TDDCS crystal was studied using a commercial AFM (Multimode IIIa Veeco Instruments) equipped with a closed fluid cell. This setup can only record up to three signals at the same time.
The crystal was about 3 mm long, 1 mm wide and 0.1 mm thick and it was fixed on the AFM sample holder with double sided adhesive carbon tape. To minimize tip-surface adhesion forces during AFM measurements, and take advantage of the insolubility of the crystal in water, the studied crystal was immersed in deionized water , were used as provided by the manufacturer. AFM data were analysed using the Nanoscope (5.30r3sr3) and Nanotec (WSxM.4) software [20] . Measurements of friction forces were conducted using the calibration methods proposed by Noy et al [21] and Lüthi et al [22] . Specifically, the lateral spring constant k L of the cantilever is obtained as 
Results and discussion
SC-XRD analysis reveals that TDDCS crystallizes in a mono-clinic system (SG = P2 1 /c) with four molecules per unit cell and lattice parameters as given in the caption of figure 1. The slightly tilted molecules are oriented with their long axes in a unidirectional way, inclined against the (1 0 0) plane by about 55º. The exposed surface is found to correspond to the (1 0 0) plane, which according to the s-XRD data has an interplanar spacing of d 100 = 1.97 nm (figure 2(C)), consistent with our AFM observation of monosteps of about 2.00 nm in height (figures 2(A) and (B)).
Note that the (1 0 0) surface of the TDDCS crystal is quite fragile since it is structurally defined by flexible alkyl chains, and indeed it is easily damaged if the feedback does not react fast enough when crossing the step edges.
For this reason the scan rate was kept relatively slow (5 Hz). is remarkable that such a resolution could not be achieved in air (RH ≈ 40%), where the TDDCS surface was irreversibly damaged when imaged with comparable normal force values. This is possibly due to the absence of capillary forces in water leading to a strong reduction of adhesion between tip and surface and no damage of the TDDCS surface during scanning. Note that, compared to the previous image on much larger scale, the scan rate is quite high in figure 3 (61 Hz). In this way the effect of thermal drift was reduced and the lateral force images become more stable. The high contrast in FFM maps (as compared to the standard topography, see figure 3(D)) is caused by the stick-slip motion of the probing tip. The elastic cantilever sup-porting the tip undergoes a periodic torsion while scanning the sample surface. This torsion is caused by the lateral force sensed by the tip, which is ultimately determined by the lateral contact stiffness k lat and the tip-sample interaction potential U int [23] . When the torsion angle reaches a critical value, depending on the corrugation of U int , the tip suddenly slips into a new pinning site on the crystal lattice. Although the stick-slip mechanism is affected by thermal vibrations in the contact area and by collisions with water molecules, the slip events are clearly distinguished in the saw tooth profile of the lateral force signal ( figure 3(C) ), where they correspond to the vertical lines. From a comparison of figures 3(A) and (B) with the crystal structure of the TDDCS (1 0 0) surface (figure 4), we attribute the observed pinning sites to the terminal methyl groups. Note that the imaging mechanism is quite different from tapping mode AFM, where the tip is gently touching the sample while oscillating over it, without pulling the contact region aside. Compared to tapping AFM, the problems caused by spurious resonance peaks, which are frequently reported in liquid environments [24] , are avoided using FFM. ; scan rate: 61 Hz.
From the average value of the lateral force peaks we estimate a static friction value F max = 5.9 nN. From the average value of the slope of the force versus (horizontal) distance curves in figure 3 (C), we estimate an effective stiffness value k exp = 6.8 N m -1 . According to [25] these values correspond to a 'friction parameter' η = 2πF max /(k exp b/2) − 1 = 6.6, where the value b/2 = 0.71 nm has been used for the average repetition distance in the curves. Note that, even if it is not apparent from the previous formula, η is always positive, as seen from the definition which is also given in [25] . At this point the amplitude of the interaction potential is easily determined as U 0 = (b/2)F max /π = 1.34 × 10 -18 J = 8.3 eV. The lateral contact stiffness [25] 
to be slightly larger than the slope k exp . The shear stress τ can be also estimated as the ratio between the maximum lateral force F max = 5.9 nN and the size of the contact area, A con . As usual in AFM, the last quantity can be quantified only roughly. Assuming that A con is in the order of (b/2)c = 0.64 nm 2 we end up with τ = F max /(bc/2) ~ 10 GPa (considering the large uncertainty in F max only the order of magnitude of this quantity can be estimated). These values are common in FFM measurements on inorganic crystal surfaces [26] , but we are not aware of similar estimations on organic semiconductors.
As a final remark, we note that the TDDCS surface is imaged in a different way if the sample is manually rotated by 90° without modifying the orientation of the cantilever with respect to the scan direction ( figure 5 ). Indeed the protruding molecular rows become hardly distinguishable when scanning along the c direction of the surface. We observed a similar effect in friction force maps of a dolomite (104) surface using the same AFM setup in water [27] . Also in that case the topmost molecular groups (carbonate) acting as pinning centres for the stick-slip motion were disposed in a zigzag arrangement, which was better resolved while sliding along one of the two main crystallographic directions of the surface.
The reasoning in [27] can be partially repeated here. To this end, we focus on the unit cells with a 'basis' of two spots corresponding to the topmost methyl groups, already shown is figure 4. From this figure, it should be clear that a perfectly symmetric tip, if scanned along the c direction, would spend the same time pinned on each of the two spots. However, the same tip would remain longer in the corner spots, when the scanning along the b direction (left to right). According to the discussion in [27] , this geometric effect only would lead to better contrast along b, as actually observed in a similar situation on a dolomite crystal. However, this is not the case in our measurements on TDDCS. A possible reason for that is the complication given by the assembly of the organic chains in parallel rows. Figure 4 suggests that the chains are more flexible, and the surface is more compliant, when the sample is sheared along the b direction. A reduced lateral stiffness k exp , according to the definition of the friction parameter, η = 4πU 0 / (k exp a 2 ) (U 0 is again the amplitude of the tip-surface interaction potential, whereas a is now the generic repetition distance of the stick-slip) would lead to higher values of η and enhanced contrast in the friction maps. However, we should also note that the repetition distance is larger along the b direction, which would lead to a decrease of η. Altogether, the results in figure 5 lead us to conclude that the elastic effect prevails on the geometric one, but, in order to quantitatively substantiate this hypothesis, complex molecular dynamics simulations are needed which go well beyond the goal of this work. Here we only would like to add that, as a follow-up of our experimental observations, friction anisotropy could be used to distinguish between crystal domains with different molecular orientations, as suggested by previous FFM investigations, with much lower resolution, on lipid monolayers [28] . This is extremely interesting for the detailed structural characterization of polycrystalline samples, a subject of large interest in organic optoelectronic device structures [9] .
Conclusion
To summarize, we have demonstrated how a peculiar structural characterization of soft molecular crystal surfaces with sub-molecular resolution can be achieved using FFM in liquid environment. We recognize in the sawtooth profile of the lateral force the key factor for high resolution. Whenever a slip occurs, it can be easily discerned in the friction force maps. The only requisite is that, during the slip, the tip oscillations get quickly damped, which was the case up to the maximum speed that we applied (about 1 µm s -1 ). In this way we could estimate a shear strength between the tip and the crystal sur-face in the order of 10 GPa. The strong anisotropic effects observed in the friction maps also open an interesting pathway for the detection of molecular orientations in different domains, which in all recommends this application as a possible structural screening method for organic optoelectronics device structures. Additionally, we have shown that it is possible to obtain images with submolecular resolution just after setting up the microscope (less than 10 min). This reduction in the time for image acquisition, together with the fact that UHV is not required, makes FFM in water a low cost and low time consuming surface characterization technique. To substantiate this conclusion a series of measurements at different scan rates should be performed. Only in this way one could exclude a negative influence of mechanical resonances and non-linearity of the scanner, which was not apparent in our measurements. Hydrodynamic effects may also influence the image stability at high scan speed.
